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 ABSTRACT 
Buildings are complex systems that provide 
the setting and conditions for many day-to-day critical 
commercial and industrial activities. Buildings 
aggregate and integrate HVAC and lighting system 
components from multiple manufacturers. These 
systems are subject to change over time, their 
controllers must respond to varying outdoor 
environments while maintaining specific indoor 
conditions. Technological advances over time also 
influence the composition and configuration of building 
systems. Buildings create technical challenges of 
providing individual comfort, organizational flexibility, 
technological adaptability, environmental sustainability, 
while at the same time minimizing energy consumption. 
With emerging trends of using large scale systems with 
broadly-distributed components in the built 
environment, a single interface interaction to change the 
temperature in a space can spawn many backend 
transactions among multiple nodes that offer specific 
services. For a flexible and redistributable solution, 
some form of building information management is 
needed. This paper discusses the development of a tool 
to structure building operation information in the 
Robert L Preger Intelligent Workplace at Carnegie 
Mellon University. 
1.   THE ROBERT L. PREGER INTELLIGENT 
WORKPLACE 
Completed in 1997, the Robert L. Preger 
Intelligent Workplace (IW) is a 7000 square foot 
rooftop extension of Margaret Morrison Carnegie Hall 
on the Carnegie Mellon University campus. The IW is a 
testbed for innovation in information technology, 
product performance, integration in materials, 
components and systems, and sensing and actuation 
instrumentation to record and evaluate operational 
performance of building components and user comfort 
(figure 1). 
 
So far the IW has experimented with 
integration of smart building technologies with 
advanced design and engineering strategies, enabling 
the utilization of natural forms of energy, such as day-
lighting, natural ventilation, passive heating and 
cooling, in combination with active strategies such as 
photovoltaic technologies. Other potential experiments 
may include the integration of innovative and advanced 
energy generation systems, such as fuel cells, gas 
turbines, heat recovery steam generators, as well as 
advanced heating and cooling generators such as dual-
fired double effect absorption chillers, and desiccant 
dehumidification equipment. 
 
 
 
Figure 1: Peel -away view of the Intelligent WorkplaceTM 
illustrating the floor-based integration 
 
Consequently, the IW, a living – continuously 
updated and improved, and lived-in – occupied by the 
faculty, staff and graduate students of the Center for 
Building Performance and Diagnostics (CBPD), 
laboratory provides the ideal setting to integrate, test, 
research and further develop cutting-edge prototypical 
sensors and sensor networks, creating opportunities to 
advance the whole field of green building technologies. 
 
Dynamic change in a facility recorded 
systematically and in real-time, is of interest to 
designers, facility managers, occupants, and owners. In 
the IW detailed data about the behavior of various 
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systems is used as a basis for diagnostics, preventative 
maintenance, and decision-making regarding system 
operations. Real–time information on building state 
(information about as built and as operated conditions) 
is valuable for security systems and emergency 
services. Occupants benefit from timely facility 
management services and potentially greater control of 
the environmental quality of their workplaces.  
 
In order to evaluate the operational 
performance and user comfort of the IW, three major 
sensor systems have been implemented: (a) the JCI 
MetasysTM sensor system collects data (160 data points) 
associated with the Heating, Ventilation, and Air-
Conditioning (HVAC) system; (b) the Carma Energy 
SentryTM system collects electrical usage data (72 data 
points); (c) the Weather Station collects outdoor 
environmental information (8 data points). A sub 
system to collect lighting control data has been added to 
the sensor suite. 
2.  THE IW ENERGY SENTINEL (IWES) 
This pilot project focused on the creation of a 
user friendly tool to evaluate the performance of the IW 
using the sensor data collected. The project 
implemented a framework for data management over 
the lifecycle of the building. 
 
2.1.  Current State of Practice 
The lack of integrated information from the 
discrete building systems about the qualitative 
performance of a building is a problem faced by 
building operators. The concept of coupling frequent, 
accurate, and detailed data with advanced data mining 
tools is revolutionary in the field of buildings 
operations. Currently to understand the implications of 
the measured data, data-mining experts are required. A 
commonly accepted method of analyzing these various 
building data streams / types is not available. 
2.2.  Objectives 
To address the above situation the IW Energy 
Sentinel (IWES) tool is developed. The objectives are: 
(a) Actively capture continuous streams of data from 
different sources, process and aggregate them into a 
common format, and provide useful information. 
(b) Create a central repository for storing building 
system information and sensor information such as 
specification and maintenance history, throughout the 
life cycle of the building. 
(c) Provide visual data displays, reports and alarms that 
work with multiple building systems. 
(d) Assist the user to correlate different types of data 
and find meaningful information in vast amounts of 
data quickly. 
2.3.   Development Environment 
IWES (figure 2) links with existing data 
logging software in the IW. It is non intrusive and 
requires no modification to these software. IWES reads 
the data archive files created by the building data 
systems. IWES enables seamless extraction of data 
from diverse building operation systems and generates 
a common data model. This produces a uniform and 
normalized database for researchers or other 
applications to use. In addition to building operational 
data recorded by the fixed sensors in the building, the 
database contains facility information such as data 
sheets for building system components. These data 
sheets contain specifications and maintenance history 
for the components. The data extraction approach 
adopted in IWES is easily adaptable and expandable to 
include new component types with different protocols, 
thus allowing the owner increased system expansion 
flexibility while selecting equipment. 
2.4.  Functions Implemented In IWES 
This section describes features that have been 
completed so far in this ongoing project. 
2.4.1.  Network Capabilities 
IWES has been developed as two components 
on a network – a server and a client. The server 
component retrieves, processes and collates data, the 
client component is used to remotely view and analyze 
the collated data. The sources of data can be distributed 
within the network with appropriate security settings. 
The components have been developed to allow 
communication of sensor data using the standard IT 
network in a building. Using mobile devices the 
building operator can view (figure 3) real time sensor 
data without the need to use a static workstation. 
 
 
 
Figure 2: The IWES interface 
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Figure 3: A performance overview graph for electrical energy 
consumption for August 6, 2004 created by the IWES tool 
deployed on a mobile pocket pc. 
2.4.2.  Auto Update And Cleaning 
IWES has data management capabilities. The 
tool can automatically update the database on a 
specified time interval in addition to a manual update as 
commanded by the operator. The specification of the 
time interval is based on the recording interval of the 
building data acquisition system. 
 During the update process the data is cleaned 
and invalid values are removed. Currently, this is 
performed using rule based algorithms that check for 
thresholds in the stream of data being examined as well 
as thresholds in certain other related streams. The long 
term goal is to make this feature adaptive with self 
learning capabilities for enhanced data management.  
Another feature implemented is a system of 
neural networks is applied to estimate and fill in 
missing data. A commercially available neural network 
tool was used that allowed interfacing with IWES. 
2.4.3.  Information Display 
Statistical information, graphical trending and 
query capability for every data stream are available 
through this tool. This includes daily profiles, overlays 
of other streams, upper and lower values, standard 
deviation and percentage of records present. Graphical 
trending can be defined by the user, multiple 
parameters originating from different building systems 
can be plotted together and compared, the same 
parameter from different time periods can be plotted 
against itself. A framework has been implemented in 
IWES to allow the user to store datasheets (figure 4). 
Sensor specifications, schematic diagrams, and 
maintenance history are stored and are displayed when 
required. This enables easy detection of performance 
abnormalities and equipment degradation. Data may be 
exported for further specific analysis. 
 
In the IW data sheets are created for all objects 
required for environmental control. These are actively 
maintained and stored in a searchable database. The 
sheets include information about the device make and 
model, installation date and maintenance history and 
the location of more detailed information about the 
device.  Also included is information about the 
schematic and physical location of the device and an 
“as installed” picture. This information is invaluable in 
the effective and efficient operation of a building. 
2.4.4.  Report Generation 
Reports and overviews of current and 
historical data are created by the tool. To analyze 
metering information, IWES generates user specified 
energy consumption reports for heating, cooling, 
lighting, office and kitchen equipment, and HVAC 
electrical. Automated overviews allow the user to easily 
create graphs (figure 5, 6) of energy performance of 
different building systems. This allows easy review of 
current and past performance of the IW. 
 
 
 
Figure 4: A data sheet created for a water temperature sensor. 
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Figure 5: The histogram for lighting shows averaged hourly 
for one year. Such histograms are easily created using the 
IWES tool and provide detailed knowledge about energy use 
characteristics. Average daily profiles are also created, these 
are useful in energy demand management.  
 
Electrical Energy Usage, August 6, 2004
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IW Average Day Lighting Energy Consumption
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Figure 6: A study of a daily profile for lighting energy use 
showed a constant energy use even when the lights were 
known to be off. The flat line represents the lowest value of 
energy consumption, this was discovered to be the phantom 
load that is always present due to the use of voltage 
transformers. 
 
2.5.  Analysis And Results Obtained 
 
The use of this tool has provided valuable 
insights into the actual performance characteristics of 
the IW. These include detailed information about loads 
and energy use patterns over the year for different 
occupancy and weather conditions. It also provides a 
thermal behavior “signature” of the building, e.g. the 
time lag effect of the thermal environment within an 
operational cycle of the HVAC system. The 
maintenance of data sheets and the ability to view them 
in conjunction with recorded data has greatly enhanced 
the building diagnostic process in the IW. 
 
The IWES tool enabled a simulation 
calibration exercise to be performed. Hourly data was 
used to validate simulation results with actual building 
performance. This calibrated model can then be used to 
examine building performance under different 
conditions (figure 7) of set points, and envelop 
properties for different design and system operation 
alternatives, e.g. temperature setpoints, material 
properties, etc. 
 
 
Figure 7:  Cooling loads of the IW with changed setpoint and 
envelop conditions obtained by using the calibrated model.  
 
Continous Measurements Dec 7 - Dec 8, 2004
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Figure 8: Graph showing values of Air Temperature and 
Carbon Dioxide for floors 24 and 25 of a building in Atlanta, 
Georgia. 
 
The IWES tool has been applied to other 
buildings besides the IW. Indoor air temperature and 
carbon dioxide data for buildings obtained from the 
WorkPlace 2020 project at CBPD, Carnegie Mellon 
University were analyzed using this tool. The following 
example is based on data from floors 24 and 25 of an 
office building in downtown Atlanta, Georgia, 
measured from 12:14pm Dec 7 to 12:14pm Dec 8 at 1 
minute intervals. 
  
In figure 8, the temperature curve increases 
(from 72.5oF to 74.5oF for floor 25) around 18:30 that 
shows the cooling is turned off, the carbon dioxide 
curve begins to fall (from 950 ppm to 850 ppm) at 
17:30, and is representative of occupants leaving. This 
demonstrates a reasonable control strategy is applied 
since the temperature is allowed to rise only after the 
occupants have left. However, if the behavior of the 
temperature profile of the space is “learnt” through 
continuous monitoring, the operation cycle can be 
further optimized. 
 
3.  GENESIS OF A DYNAMIC BUILDING 
INFORMATION MODEL 
Implementation of the IWES project has 
revealed the need for a comprehensive adaptable and 
extensible network-based solution to monitoring and 
control in buildings. Building control systems which 
rely on remote sensor–driven, high–resolution building 
models have the potential to significantly affect and 
enhance service quality and effectiveness in all relevant 
phases of a building life-cycle: from design to 
construction, commissioning, operation, and disposal or 
recycling. Furthermore, detailed real–time information 
about a facility’s state serves as an invaluable resource 
for security and emergency services, and might enable 
novel kinds of services to become feasible, such as 
detailed life–cycle analysis of products on a large scale. 
Manufacturers can analyze data tracking of the 
performance of their products in various facility 
settings in order to develop better products, coordinate 
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marketing efforts, and/or offer customized services 
related to their products. Databases containing detailed 
historical records of buildings could serve as a rich 
asset for collective learning by providing building 
practitioners, researchers, organizations, and 
manufacturers with feedback and a better understanding 
of the value and implications of their services and 
products. 
 
Current work in this project focuses on 
extending the methodology adopted in IWES to create 
sensor–driven, high resolution building management 
systems that use  a Building Information Model (BIM). 
This model will be capable of a comprehensive and 
detailed representation of the state and operation of a 
facility. In addition, the model will be capable of 
supporting decision making. 
 
In the building operation phase this BIM will 
most accurately represent the current state of the 
building. In addition to information about the space 
characteristics (geometry, material, space use etc.), the 
BIM includes data from sensors placed in the building, 
information about system maintenance, and occupant 
feedback. Issues of interoperability are addressed using 
an IFC based data structure.  
 
Advances in sensor hardware – e.g., sensor 
integration, electronic miniaturization (e.g., commercial 
research in Micro-Electro-Mechanical Systems), and 
low power wireless communication have revolutionized 
the ability to collect building data. Stick on sensors 
discretely attached to walls, or embedded in floors and 
ceilings, active badges for users, sensors embedded in 
objects in a facility provide vast amounts of data. The 
flexible BIM framework provides an effective data 
management strategy to scale and integrate diverse 
types of sensors and actuators. 
 
For building operation information from the 
BIM can be used for (1) real-time fault detection at 
low-levels (individual sensors and clusters of sensors), 
and mid-level (building heating, cooling, and power 
generation system components such as control valves, 
pumps, fans, heat exchangers); (2) performance 
monitoring at the individual room, zone, and building 
system level; (3) intelligent decision making for 
building operations and maintenance. 
 
Within a BIM, streams of data obtained from 
sensors in a building are environmental signatures of 
that building under various criteria. Signatures will be 
correlated with user behavior to determine successes 
and failures. A self updating database of environmental 
signatures will be created to better detect problems. 
This will allow the operator to more easily see how a 
failure occurred rather than only providing information 
that a failure has occurred. This will increase the 
forensic capabilities available to building operators. 
This will enhance the maintenance process and reduce 
operating costs. When additional devices are added or 
devices fail, device controllers will re-organize 
themselves to provide optimum performance. 
 
 
4.   FUTURE WORK 
 
The continuous and automated evaluation of 
facility state data for maintaining design specifications, 
monitoring of component performance over time, and 
operational process improvement will lead to increased 
operation effectiveness. The features currently available 
in the IWES tool have the potential to be extended to 
provide a robust and systematic approach to facility 
state information through the life cycle of the facility. 
Some of these features are: 
4.1.  Automated Validation of Data Reliability and 
Sensor Calibration 
Sensors operate in and must respond to very 
dynamic environments. The diverse and sometimes 
conflicting information obtained from multiple sensors 
give rise to the problem of how the information can be 
combined in a consistent and coherent manner. 
Information about sensor degradation, sensor 
calibration and data time stamping is critical in 
maintaining an accurate model. Self calibrating 
networks will be able to adapt themselves to user 
response and also to sensor fault modes such as 
excessive noise, dead sensor, drift, and offset. The first 
two may be detected using statistics at the sensor, 
whereas the latter two by comparing with information 
from other sensors. Building some redundancy into the 
system along with continuous monitoring of data and 
comparison with historical data for trends, noise and 
periodicity will detect faults. These measures will 
increase the reliability at no extra cost as the 
technologies to do so have already matured and is 
applied in other domains. 
4.2.  Automated Diagnostics and Identification of 
Failures 
Currently rule based threshold algorithms such 
as minimum and maximum limits are used to trigger 
alarms. These are not sufficient to detect problems with 
building systems. The gradual lead up to building 
failures is often subtle. They are not as straightforward 
and obvious as major equipment failures but are of a 
transient nature affecting sections of users. Each 
individual piece of equipment may be functioning 
properly but the building system as a whole may not be 
delivering the expected performance. 
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Diagnostic algorithms typically examine single 
streams of data at any one time, such as the error 
between actual indoor air temperature and set point 
temperature, or the duty cycle of an actuator to 
determine the stability of control. Once a failure occurs 
in a building system data from multiple alternate 
streams is required to diagnose the failure. Building 
operators often use their experience in working with a 
particular building to diagnose building problems. 
However, in large facilities it is not possible to depend 
solely on human experience alone. For such systems to 
be effective they must provide a high dependability in 
unattended operational conditions. Increasing number 
of nodes in a system also results in a high susceptibility 
to failures. Sensor and sensor network failure detection 
algorithms are therefore required to better manage 
anomalous data. 
4.3.  Active Learning And Adaptive Control 
Studies show that there is a higher level of 
satisfaction if provided with individual user control. To 
enhance and encourage these user control systems, 
supplementary information about the interaction of the 
user with the control interface will be collected. This 
will assist in creating user centered systems that will 
learn from and adapt to user behavior. Thus control 
strategies will be actively updated based on collected 
data. 
 
In a model based approach, advanced control 
algorithms are used in which mechanical non-linear 
systems are represented as a combination of linear 
systems where classical control design techniques such 
as PID control can be applicable. In buildings, 
transformation is apparent over the life cycle, requiring 
re-tuning of control processes. A protocol is required to 
re-tune control processes in real time based on data 
collected from the building. Examples of such scenarios 
are - when air temperature and window operation 
(figure 9) is collected continuously over a period of 
time and combined with information about the outside 
weather, it will be possible to predict the effect of the 
window operation on the indoor environment and to use 
this knowledge for window control. 
 
When air temperature both indoor and 
outdoor, and  solar radiation data (figure 10) are 
collected continuously and analysed,  the information 
gained about the thermal characteristics of the space 
could be used to tune algorithms used for control. When 
automated, this process will greatly increase the 
efficiency of control algorithms. With the use of 
personal environment conditioning devices such 
processes could be used to gain knowledge about the 
interaction of different thermal environments within a 
space. 
 
IW Temperature Study with Window Operation, April 24, 2003
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Figure 9: This graph shows the values of air temperature and 
window operation for a bay in the IW, measured from 
11:48am Apr 24,03 to 19:36pm Apr 24,03 at 1 minute 
intervals.  
 
Data recorded in the IW, Aug 8, 02 - Aug 9, 02
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Figure 10: This graph shows the values of indoor and outdoor 
air temperature and  solar radiation measured in the IW, on 
Aug 08,02 and Aug 09,02 at 1 minute intervals. 
 
4. CONCLUSION 
The IWES tool provides functions for data 
management, data viewing and data analysis. The 
lessons learnt have been used to develop a prototype 
BIM model that is envisaged to enhance building 
management. 
 
The strategies developed to support individual 
control over the personal work space environment will 
enhance the quality of the work environment, 
promoting user health, safety and comfort. Automated 
diagnostic capabilities will allow early detection of 
building failure thus reducing operational disruptions 
and consequential costs.  
 
The future research aims to have  the potential 
to be transferable to other applications, such as the 
transportation domain. It is envisaged that the 
methodology developed will be implemented and 
demonstrated in a real-scale in the Robert L Preger 
Intelligent Workplace at Carnegie Mellon University, 
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with the goal of integration into the Building as Power 
Plant project at Carnegie Mellon University. 
 
5. BIBLIOGRAPHY  
Ivanovich, Michael G., Life-Cycle Considerations for 
“Smart Equipment”, Networked Controls 2001, a 
supplement to Heating / Piping / Air Conditioning 
Engineering, July 2001. 
 
Motegi, N., Piette, M.A., Kinney, S., Herter, K., 
“Introduction to Web-based Energy Information 
Systems for Energy Management and Demand 
Response in Commercial Buildings”, Commercial 
Building Systems Group, Lawrence Berkeley National 
Laboratory, April 2003. 
 
Motegi, N., Piette, M.A., Kinney, S., Herter, K., “Guide 
to Analysis Applications in Energy Information 
Systems”, Commercial Building Systems Group, 
Lawrence Berkeley National Laboratory, April 2003. 
 
Siemens Building Technologies, 
http://www.sbt.siemens.com/BAU/default.asp 
 
Beck. J., Siewiorek. D.,  Automatic configuration of 
embedded multicomputer systems. IEEE Transactions 
on Computer-Aided Design of Integrated Circuits and 
Systems, 17(2):84–95, February 1998. 
 
Stouffs. R., Krishnamurti. R., Data views, data 
recognition, design queries and design rules. In Design 
Computing and Cognition'04 (ed. J Gero) Kluwer 
Academic Publishers, Dordrecht, 2004, pp. 219-238  
 
Stouffs, R., Krishnamurti. R., Cumming. M., Mapping 
design information by manipulating representational 
structures,  Generative CAD Systems  (eds. O Akin, R 
Krishnamurti, KP Lam),  Proceedings of GCAD’04, 
Carnegie Mellon University, 2004, pp. 387-400.  
 
Suter. G., Mahdavi. A., Krishnamurti. R., A 
hierarchical representation for architectural design and 
decision support.  16th European Meeting on 
Cybernetics and Systems Research, Vienna, Austria. 
April 2002. 
 
Stankovic. J., He. T., Hui. J., Krogh. B.H., Energy-
efficient surveillance system using wireless sensor 
networks, MobiSys 2004, Boston, June 2004. 
 
Zhang.W., Krogh. B. H., Hartkop. V., Supervisory load 
control strategies for building energy systems, CIB 
World Building Congress, May 2004. 
 
Camponogara. E., Jia. D., Krogh. B. H., Talukdar. S., 
Distributed model predictive control, IEEE Control 
Systems Magazine, vol. 22, no. 1, pp. 44-52, Feb. 2002. 
 
Jia. D., Krogh. B. H., Min-max feedback model 
predictive control for distributed control with 
communication, Proc. 2002 American Control 
Conference, May 2002, pp. 4507-4512. 
 
Hartkopf, V., V. Loftness, “Architecture, the 
Workplace, and Environmental Policy,” in The 
Innovative University, editors Daniel P. Resnick and 
Dana S. Scott, Pittsburgh: Carnegie Mellon University 
Press, 2004, pp. 181-194.  
 
Hartkopf, V., et al., (2005) “Building as Power Plant”, 
Chapter 6 in Part 3 — Emerging Technologies and 
Tools, Smart and Sustainable Built Environment, 
Editors Yang, J., Brandon, P. S., and Sidwell A.C., 
Blackwell Publishing, UK. 
 
Hartkopf, V., et al., “The GSA Adaptable Workplace 
Laboratory in Lecture Notes in Computer Science 
"Cooperative Buildings: Integrated Information", 
Organizations and Architecture, Streitz, Norbert A., J. 
Siegel, V. Hartkopf, S. Konomi, Eds., Berlin, Germany: 
Springer 1999. 
 
Park, K., Srivastava, V., and Krishnamurti, R., 
“SmartBIM: The Progression of Integrated Building 
Information Model over the Life-cycle of a Building”, 
ACADIA2005 [Smart Architecture: Integration of 
Digital and Building Technologies], Savanah, Georgia, 
13-16 Oct 2005 – Conference Presentation. 
ESL-IC-05-10-02
Proceedings of the Fifth International Conference for Enhanced Building Operations, Pittsburgh, Pennsylvania, October 11-13, 2005
